We studied an infant with severe nonimmune hemolytic anemia and hydrops fetalis at birth. His neonatal course was marked by ongoing hemolysis of undetermined etiology requiring repeated erythrocyte transfusions. He has remained transfusion-dependent for more than 2 yr. A previous sibling born with hemolytic anemia and hydrops fetalis died on the second day of life. Peripheral blood smears from the parents revealed rare elliptocytes. Examination of their erythrocyte membranes revealed abnormal mechanical stability as well as structural and functional abnormalities in spectrin. Genetic studies revealed that the proband and his deceased sister were homozygous for a mutation of ␤ I ⌺ 1 spectrin, L2025R, in a region of spectrin that is critical for normal function. The importance of leucine in this position of the proposed triple helical model of spectrin repeats is highlighted by its evolutionary conservation in all ␤ spectrins from Drosophila to humans. Molecular modeling demonstrated the disruption of hydrophobic interactions in the interior of the triple helix critical for spectrin function caused by the replacement of the hydrophobic, uncharged leucine by a hydrophilic, positively charged arginine. This mutation must also be expressed in the ␤ I ⌺ 2 spectrin found in muscle, yet pathologic and immunohistochemical examination of skeletal muscle from the deceased sibling was unremarkable. ( J. Clin. Invest. 1997. 99:267-277.)
Introduction
Intrinsic defects of the erythrocyte constitute an important group of inherited disorders that cause hemolytic anemia in the neonate. Uncommonly, these disorders are manifest in utero with severe anemia and hydrops fetalis (1) . Diseases that have been associated with hemolytic anemia and nonimmune hydrops fetalis include the ␣ -thalassemia syndromes, deficiencies of erythrocyte enzymes, and very rarely, abnormalities of the erythrocyte membrane skeleton (1) .
Defects of the erythrocyte membrane have been well characterized in cases of severe neonatal hemolytic anemia due to recessive hereditary spherocytosis and homozygous hereditary elliptocytosis/pyropoikilocytosis (HE/HPP) 1 (2) (3) (4) (5) (6) (7) (8) (9) . Two well documented kindreds with fatal or near-fatal anemia and hydrops fetalis associated with erythrocyte membrane defects have been described (10, 11) . In both cases, defects were identified in spectrin, the principal structural protein of the erythrocyte membrane. Whitfield et al. (11) reported virtually absent synthesis of ␣ I spectrin 2 in a fetus with nonimmune hemolytic anemia, abnormal osmotic fragility, and hydrops fetalis. In utero red blood cell (RBC) transfusions were given; after birth, the child remained transfusion-dependent despite splenectomy at 14 mo of age. The patient's mother suffered from typical hereditary spherocytosis. The father had a normal hemoglobin, reticulocyte count and peripheral blood smear, but had a mildly abnormal osmotic fragility. The precise genetic defect(s) in this family has yet to be characterized. In a second kindred, four third trimester fetal losses occurred associated with hemolytic anemia and hydrops fetalis (10) . Studies of erythrocytes and erythrocyte membranes from the parents showed abnormal membrane stability as well as structural and functional abnormalities in ␤ I ⌺ 1 spectrin. A point mutation in the ␤ I-spectrin gene, S2019P (spectrin Providence), was identified in the heterozygous state in the parents and in the homozygous state in the three deceased infants studied.
Spectrin, the principal structural component of the erythrocyte membrane skeleton, is composed of two structurally similar but nonidentical proteins, ␣ I and ␤ I spectrin. ␣ I and ␤ I spectrin are composed primarily of homologous 106-amino acid repeats that fold into three antiparallel ␣ -helices connected by short nonhelical segments (15, 16) . ␣ I and ␤ I spectrin combine to form heterodimers, which in turn self-associate to form tetramers and higher order oligomers. These tetramers and oligomers form a lattice-like structure that is critical for 1 . Abbreviations used in this paper: DI, deformability index; HE, hereditary elliptocytosis; HPP, hereditary pyropoikilocytosis; IEF, isoelectric focusing; RBC, red blood cell. 2. The nomenclature of spectrin isoforms used in this manuscript is described in references 12-14. Spectrins are described by their subunit type ( ␣ or ␤ ), their gene of origin in order of discovery (e.g., I, II, etc.), and alternate transcripts in order of discovery (e.g., ⌺ 1, ⌺ 2, etc.).
erythrocyte membrane stability as well as erythrocyte shape and deformability. Qualitative and quantitative disorders of both ␣ I and ␤ I spectrin have been associated with abnormalities of RBC shape including hereditary spherocytosis, HE, and HPP (17) (18) (19) .
This report describes a Laotian infant with severe Coombsnegative hemolytic anemia (Hb 2.7 g/dl) and gross hydrops fetalis at birth. His neonatal course was marked by ongoing hemolytic anemia requiring erythrocyte transfusions. He has remained transfusion dependent for 2 yr; his blood smears reveal only normal erythrocytes which represent transfused cells and a few microspherocytes and nucleated erythrocytes. Family history is remarkable for a previous sibling born with hemolytic anemia and hydrops fetalis; she died on the second day of life. Her autopsy revealed marked extramedullary erythropoiesis and changes consistent with widespread tissue hypoxia. Examination of erythrocytes from the parents revealed very rare elliptocytes and studies of their erythrocyte membranes revealed abnormal mechanical stability as well as structural and functional abnormalities in spectrin.
Genetic studies revealed that the proband and his deceased sister were homozygous for a point mutation of ␤ I spectrin, L2025R, in a region of ␤ spectrin that is critical for normal spectrin function (15, (20) (21) (22) . The parents were heterozygous for this mutation. The importance of leucine in this position of the proposed model of triple helical spectrin repeats is highlighted by its evolutionary conservation in all ␤ spectrins from Drosophila to humans. Dynamic molecular modeling of the self-association domain suggests that hydrophobic interactions in the interior of the triple helix critical for spectrin function are disrupted by the replacement of the hydrophobic, uncharged leucine by a hydrophilic, positively charged arginine. Although an alternative transcript of ␤ I spectrin, ␤ I ⌺ 2, which is expressed in muscle and brain (12, 23) , must contain the mutation, pathologic and immunohistochemical examination of skeletal muscle from the deceased sibling was unremarkable. We have named this variant spectrin Buffalo.
Methods

Patients
The proband is the product of an apparently nonconsanguineous mating of a Laotian couple. His perinatal course was complicated by hydrops fetalis, diagnosed at 31 wk of gestation. Cordocentesis at this time detected severe anemia (Hb 2.7 g/dl). In utero red cell transfusion was unsuccessful due to fetal distress, and a Caesarean section was performed. Birth weight was 1,600 g, Apgars were 0 (Fig. 1 A ) . His hematocrit did not increase after a trial of steroids. A trial of recombinant human erythropoietin led to increased evidence of hemolysis without an increase in the Hb level. Numerous diagnostic studies were performed in an attempt to detect the cause of the ongoing hemolytic anemia (Table I) . Hematologic studies performed on the parents (Table II) revealed that both parents had very mild elliptocytosis ( Fig. 1 B ) . Currently, the patient has no clinical symptoms of muscle dysfunction.
The maternal obstetrical history is remarkable for three previous pregnancies (Fig. 2) . The second pregnancy was also complicated by fetal hydrops and hemolytic anemia (cord blood Hb 3.8 g/dl). This 37-wk gestation infant died on the second day of life. Autopsy revealed evidence of diffuse tissue hypoxia and marked extramedullary erythropoiesis (Fig. 3) . Two other pregnancies resulted in spontaneous fetal losses in the first trimester. Further studies to determine the etiology of the hydrops fetalis and hemolytic anemia experienced by the two infants of this kindred are detailed below.
Mechanical stability of erythrocyte membranes
Resealed membranes were prepared according to a procedure adapted from Johnson (24) . For mechanical stability measurements, 150 l of membrane suspension was mixed with 3.5 ml of a dextran solution (290 mOsmol, pH 7.4 and viscosity 95 centipoise) and subjected continuously to 750 dyn/cm 2 in the ektacytometer (25) . Under this stress, the membranes progressively fragment, generating undeformable spheres. This process is detected as a time-dependent decrease in the deformability index (DI). The rate of decline of DI is a measure of membrane mechanical stability.
Studies of erythrocyte membrane proteins
Erythrocyte membrane preparation and quantitation. Erythrocyte membranes were prepared from peripheral blood as described previously (26, 27) . Membrane proteins were separated by SDS-PAGE in 3.5-17% gradient polyacrylamide gels and stained with Coomassie blue. Spectrin/band 3 ratios were obtained by scanning the stained gels using the Personal Densitometer Laser Scanner (Molecular Dynamics, Sunnyvale, CA) and then calculating the staining intensity of individual protein bands using Imagequant software (Molecular Dynamics).
Limited tryptic digestion of spectrin. Spectrin was extracted by incubating ghosts overnight at 4 Њ C in low ionic strength buffer (28) . Limited tryptic digests of spectrin extracts were prepared as described (27) and separated by two-dimensional fractionation using SDS-PAGE and isoelectric focusing (IEF) as modified by Speicher et al. (29) .
Study of spectrin self-association. The amount of spectrin dimers compared with spectrin tetramers in spectrin extracted from membrane ghosts under conditions of low ionic strength at 4 Њ C was determined by nondenaturing gel electrophoresis as described (30) .
Molecular genetic analyses
Oligonucleotide synthesis, preparation, and amplification of genomic DNA. Synthetic oligonucleotides were synthesized using an automated synthesizer (Applied Biosystems, Foster City, CA) and purified by gel electrophoresis or oligonucleotide purification column chromatography (Applied Biosystems). The sequences of the primers used in PCR and sequencing are listed in Table III . Genomic DNA was isolated from leukocytes and amplified by PCR as described by Sahr et al. (31) . For infant II-2, DNA was extracted from 5-m-thick sections taken from paraffin blocks of autopsy tissue (liver and spleen) as described (32) .
Subcloning and nucleotide sequencing of PCR-amplified genomic DNA. Subcloning and nucleotide sequencing of PCR-amplified genomic DNA were completed as described (7). 
Dynamic protein modeling
The coordinates of the crystal structure of the 14th repeat unit of Drosophila ␣ spectrin were used as the starting point for all modeling studies (16) . The sequence of the 17th unit of ␤ I spectrin, which represents about two-thirds of a normal repeat unit, was concatenated with the residues involved with self-association near the NH 2 terminus of ␣ I spectrin, which comprise about one-third of the normal repeat unit. The combined sequence, representing the complete triple helical "repeat unit" that accounts for self-association (20) , was aligned with the 14th repeat unit of Drosophila ␣ spectrin using the program Bestfit™ (33) . The corresponding residues of human ␣ I and ␤ I spectrin were then graphically incorporated into the published crystallographic coordinates of Drosophila spectrin, using the program Insight™ (1993. Biosym Technologies, San Diego, CA), creating a starting structure for the dynamic modeling computations. These computations, based on simulated annealing from 1,000 to 100 Њ K and energy minimization algorithms (34), include placing the starting structure in a 6-Å water shell that contains ‫ف‬ 1,100 water molecules. The application of this approach and its fidelity has been described (Stabach, P.R., C.D. Cianci, S.B. Glantz, Z. Zhang, and J.S. Morrow, manuscript submitted for publication; and Zhang, Z., S.A. Weed, and J.S. Morrow, manuscript in preparation). Minimized structures were displayed using Insight™ molecular display software. All computations were carried out using an Indigo Two Extreme™ workstation (Silicon Graphics, Inc., Mountain View, CA).
Examination of skeletal muscle
Pathologic examination. Formalin-fixed, paraffin-embedded, skeletal muscle (psoas) was obtained from autopsy material of individual II-2 who is homozygous for the spectrin Buffalo mutation. Control skeletal muscle sections were obtained from an age-matched control without clinical or anatomic evidence of a neuromuscular defect. Hematoxylin and eosin stains were performed using standard techniques.
Immunohistochemistry. Immunoperoxidase staining was performed as described with one modification (35, 36). After rehydration of the dehydrated tissue sections in water for 5 min, antigenicity was enhanced by heat-treating the sections in a pressure cooker with boiling 10 mM sodium citrate, pH 6.0, for 5 min (37) . A polyclonal ␤ -spectrin antibody raised to a recombinant protein specific for domain III of ␤ I ⌺ 2 spectrin was used for immunostaining (35, 38). Sections were examined and photographed using an Olympus Vanox microscope equipped with a Roche image analysis systems digital camera.
Results
Mechanical stability of erythrocyte membranes
The mechanical stability and rigidity of erythrocyte membranes were examined using an ektacytometer. Ektacytometric measurements of mechanical stability of membranes derived from erythrocytes of both parents are shown in Fig. 4 . The rate of decline of the DI (a measure of mechanical stability) of erythrocyte membranes from both parents was much faster than that of normal membranes, implying a marked decreased in mechanical stability. As shown in Fig. 4 , the mechanical stability of these membranes was intermediate between membranes of erythrocytes from an individual heterozygous for an ␣ I-spectrin gene mutation causing nonhemolytic HE and those from an individual doubly heterozygous for two different ␣ I-spectrin gene mutations causing HPP (39) . Membranes from the proband's parents were also abnormally rigid: compared with normal membranes, the dynamic rigidity of their RBC membranes was increased two-to threefold (data not shown).
Studies of erythrocyte membrane proteins
Qualitative and quantitative analyses of erythrocyte membrane proteins. One-dimensional SDS-PAGE analyses of erythrocyte membrane proteins from the mother, father, and infant II-4 were qualitatively normal (data not shown). Quantitative analysis of spectrin content, measured by the ratio of spectrin/ band 3, was normal in the mother (1.04), the father (0.98), and proband II-4 (1.14), compared with that of a normal control subject (1.00). 
(antisense, intron 31) Figure 4 . Ektacytometric analysis of mechanical stability of erythrocyte membranes. Resealed ghosts prepared from a normal control subject and the parents of the spectrin Buffalo kindred (I-1 and I-2) erythrocytes were subjected to shear stress in an ektacytometer and the decline of the DI was measured as a function of time. The rate of DI decline is a measure of membrane mechanical stability. Red cell membranes from both parents fragmented more rapidly than normal membranes. The fragmentation curves of these membranes were intermediate between those previously reported (39) for nonhemolytic heterozygous HE and for HPP associated with mutations of the ␣-spectrin gene.
Limited tryptic digestion of spectrin. After limited digestion with trypsin followed by two-dimensional gel electrophoresis, normal spectrin can be resolved into five ␣ and four ␤ major proteolytically resistant domains (16, 29, 40) . The NH 2 terminus of ␣ spectrin, the 80-kD T␣-I domain, 3 interacts with the sequences of the 17th repeat of ␤I spectrin to form the binding site for spectrin self-association (20, 41) . Limited tryptic digestion of spectrin followed by two-dimensional fractionation using SDS-PAGE and IEF (Fig. 5, A and B) revealed increased amounts of a 74-kD T␣-I spectrin peptide in both parents. A very small amount of the 74-kD T␣-I peptide was observed in spectrin digests from the proband II-4 ( Fig. 5 C) , 2.5 wk after an erythrocyte transfusion. This 74-kD peptide is derived from the normal NH 2 -terminal 80-kD peptide of T␣-I spectrin and is frequently seen in increased amounts in certain cases of HE and HPP, usually associated with structural defects of the NH 2 terminus of ␣I spectrin or, more rarely, with structural defects within the self-association domain of ␤I spectrin (17) .
Evidence for changes in the digestion of the T␤-I peptide, which is derived from the 17th repeat and the COOH terminus of ␤I spectrin, was also sought (42) . Based on the nature of the spectrin Buffalo mutation, leucine to arginine (see below), one would expect to identify a basic shift of the T␤-I peptide (Fig. 5) . In both parents and the proband, only the wild-type T␤-I peptide was observed, with no additional more basic peptides consistently found in this region. The absence of the mutant T␤-I peptide in digests of spectrin extracted from the proband or his parents suggests that the spectrin Buffalo mutation renders this domain unstable after limited trypsin digestion, a result predicted by the dynamic molecular modeling studies described below.
Spectrin self-association assays. Studies of spectrin's ability to self-associate were performed using spectrin extracted 3 . A uniform nomenclature for spectrins and their isoforms has been adopted (see above). It has been proposed that the tryptic peptides of spectrin, previously called ␣I, ␣II, etc., be denoted with the prefix T-, designating them as tryptic fragments, e.g., T␣-I. This convention will avoid future confusion with the uniform nomenclature. . Spectrin self-association assays. Studies of spectrin selfassociation were performed using spectrin extracted from erythrocyte membrane ghosts at low ionic strength at 4ЊC and then equilibrated at various concentrations. The increased amounts of spectrin dimers compared with tetramers at higher concentrations of the parent's spectrin indicate a moderate degree of impairment of spectrin selfassociation. Spectrin extracted from the erythrocytes of the proband II-4 immediately before transfusion had a similar self-association profile to that of normal control spectrin and probably consists mostly of spectrin extracted from transfused erythrocytes. from erythrocyte ghosts under conditions of low ionic strength at 4ЊC and equilibrated at various concentrations. The impaired formation of tetramers as a function of spectrin concentration is most apparent in the parents (Fig. 6 ) and indicates a moderate degree of impairment of spectrin self-association in these individuals.
The effect of this mutation on the relative association constant (Ka) for tetramer formation, compared with that of the normal protein, can be approximated in these experiments by comparing the ratio of dimer (D) to tetramer (T) for both mutant (m) and wild-type (wt) spectrin (40): represents the molar ratio of dimer to tetramer for any given spectrin (n). Application of this equation to the self-association isotherms at different concentrations shown in Fig. 6 indicated that the overall observed Ka for spectrin self-association in the heterozygous parents is only ‫ف‬ 0.2Ϯ0.1 (Ϯ1 SD) of the normal association constant. Stated differently, the Ka for selfassociation of spectrin Buffalo is at least five times weaker than normal; given that most tetramer formation in the parents can be attributed to the wild-type protein, the actual Ka for spectrin Buffalo self-association is probably much weaker and similar to that for other spectrin mutations that cause severe clinical phenotypes (21, 43) . In general, the degree of impairment of spectrin self-association parallels the clinical severity of the disorder in patients with HE or HPP (5, 44).
Molecular genetic analyses
Nucleotide sequencing. Mutations frequently associated with the variant T␣-I 74-kD peptide have been identified in regions of the ␣I-and ␤I-spectrin genes encoding the spectrin selfassociation site, i.e., in exon 2 of the ␣I-spectrin gene and in exons 30 and 31 of the ␤I-spectrin gene (17, 31, 45, 46) . Genomic DNA corresponding to exon 2 of the ␣I-spectrin gene
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and exons 30, 31, and 32 of the ␤I-spectrin gene were amplified by PCR using genomic DNA and oligonucleotide primers A ϩ B, C ϩ D, and E ϩ F, respectively (Table III) . Sequence analysis of subcloned, amplified genomic DNA fragments corresponding to exon 30 of the ␤I-spectrin gene, derived from individuals I-1 (mother) and II-4 (proband), revealed a single base substitution (CTG to CGG) that changes a leucine to an arginine at position 2025 of the ␤I-spectrin chain (Fig. 7 B) . This mutation occurs at position 46 of repeat 17 within helix 1 of the proposed triple helical conformational model of spectrin repeats (15, 41, 46) , corresponding to position A18 of the crystallographic structure of the spectrin repeat (16) . Most mutations of the 80-kD T␣-I domain of spectrin occur in helix three of the proposed model and are often at or adjacent to highly conserved residues of the homologous 106-amino acid repeats of spectrin (17) (18) (19) 47) . The importance of leucine in this position of repeat 17 is highlighted by its evolutionary conservation in all ␤ spectrins from Drosophila to humans (Table IV) .
To ensure that other HE/HPP mutations frequently associated with the variant T␣-I 74-kD peptide were not present, PCR-amplified genomic DNA from the proband corresponding to exon 2 of the ␣I-spectrin gene and exons 30 and 31 of the ␤I-spectrin gene was examined (31, 45, 46) . The nucleotide sequence of all three exons was normal (data not shown).
PCR-based mutation detection. The authenticity of the spectrin Buffalo mutation was confirmed by restriction enzyme digestion of amplified genomic DNA. The mutation creates a novel AciI restriction enzyme site, CCGC, allowing for rapid, PCR-based detection of the mutation in the genomic DNA of each family member. Oligonucleotide primers G ϩ H (Table  III) were synthesized corresponding to the sequence of ␤-spectrin gene flanking the region of the mutation; these primers amplify a fragment of 220 bp. Amplified genomic DNA fragments of normal individuals were digested with AciI into fragments of 158 and 62 bp (Fig. 8 A) . AciI digestion of PCRamplified DNA from the parents and children II-2 and II-4 ( Fig. 8 B) yielded fragments of 158 ϩ 129 ϩ 62 ϩ 29 (I-1 and I-2) or 129 ϩ 62 ϩ 29 bp (II-2 and II-4) indicating that the mother and father are heterozygous for the spectrin Buffalo mutation and the two children are homozygous for the mutation. Material was not available from abortuses II-1 or II-3.
Molecular modeling
While the precise three-dimensional structure of the self-association domain is not known, dynamic molecular modeling coupled with energy minimization yields models of this struc- Figure 7 . Nucleotide sequence of PCR-amplified genomic DNA from the mother of the proband (I-1). Genomic DNA was amplified by PCR using primers corresponding to exon 30 of the ␤I-spectrin gene (primers A ϩ B in Table III ). The PCR products were subcloned and individual clones were sequenced. In approximately half of the subclones, a point mutation was detected that changes a leucine (CTG) to arginine (CCT) at codon 2025 of the ␤I-spectrin gene. ture and of other spectrin repeats that appear valid by most criteria, and which accurately predict that consequences of all mutations in this domain lead to failure of self-association (Stabach, P.R., C.D. Cianci, S.B. Glantz, Z. Zhang, and J.S. Morrow, manuscript submitted for publication; and Zhang, Z., S.A. Weed, and J.S. Morrow, manuscript in preparation). Specifically, alignment of the sequence of the repeat of Drosophila ␣ spectrin with the sequences in ␣I and ␤I spectrin that are involved with self-association identifies 73 substitutions, including 2 prolines present in the human sequence but not in the Drosophila sequence. While proline residues have classically been considered helix breaking residues, the dynamic modeling studies suggest that the structure of the wild-type human spectrin self-association domain is nearly identical to that of the Drosophila structure, despite the presence of prolines in helixes 1 and 2 (or A and B) which distort these helices only slightly in the minimal energy model, and the fact that Ͼ 69% of the repeat unit has been replaced with substitute residues compared with the Drosophila sequence (Fig. 9) . However, the single mutation in spectrin Buffalo, with replacement of the hydrophobic leucine by arginine, is predicted to markedly destabilize the self-association domain by disrupting the hydrophobic interactions that tether helices A and B. The predicted result is a splaying of these helices, a repositioning of the mutant arginine toward the solvent, a loss of the cleft between helices A and B that is necessary for the binding of ␣I spectrin, and a loss of binding energy for the NH 2 -terminal ␣I self-association domain. It is likely that this conformational change accounts for its loss of binding affinity as well as the increased proteolytic susceptibility of this region.
Pathologic and immunohistochemical examination of skeletal muscle
The region of ␤I spectrin that participates in spectrin self-association (the location of the spectrin Buffalo mutation) is common to both the erythrocyte ␤-spectrin isoform (␤I⌺1) and the ␤I⌺2 isoform of spectrin expressed in muscle. ␤I⌺2 spectrin is created by tissue-specific splicing (in muscle and brain) of ␤-spectrin pre-mRNA resulting in replacement of part of the last exon of ␤I⌺1 (erythrocyte) spectrin with four additional exons (23). At the protein level, ␤I⌺2 replaces the 22 COOHterminal amino acids of ␤I⌺1 spectrin with 213 novel amino acids. In mammalian skeletal muscle, ␤I⌺2 spectrin colocalizes with dystrophin in distinct subsarcolemmal domains (48) . ␤I⌺2 spectrin has been shown to self-associate both in vitro and in vivo with ␣II spectrin (␣ fodrin, nonerythroid ␣ spectrin) (12, 20, 49, 50) . Although the impact of mutations in the region of the spectrin self-association site on the erythrocyte membrane have been well described in cases of hemolytic anemia, less is known about the phenotype of mutations of the ␤I-spectrin self-association domain in nonerythroid tissues. Only one mutation has been examined, that of spectrin Providence S2019P (10), which yields no phenotype in skeletal muscle (35). Therefore, it was important to determine if the spectrin Buffalo mutation led to any abnormalities of muscle in an individual homozygous for the mutation. Sections of psoas muscle from a normal age-matched control (Fig. 10, a-c) and spectrin Buffalo kindred individual II-2 ( Fig. 10, d-f) were studied by hematoxylin and eosin staining and immunohistochemical staining using an anti-␤I⌺2 antibody. Three independent pathologic observations of hematoxylin and eosin-stained muscle sections from individual II-2 indicated normal architecture with no evidence of myopathy or other abnormality (Fig. 10, a and d) . Immunocytochemical staining of muscle with an anti-␤I⌺2 antibody was performed. The utility of this antibody for staining paraffin-embedded tissue was determined by study of skeletal muscle from an agematched control subject (Fig. 10 b) in which there was specific labeling of the sarcolemma. In individual II-2, ␤I⌺2 was also specifically localized to the sarcolemma in a distribution similar to that of normal muscle (Fig. 10 e) . The specificity of the anti-␤I⌺2 antibody in these tissues was confirmed by the lack of specific immunoreactivity when the samples were stained with a nonspecific rabbit IgG (Fig. 10, c and f) .
Discussion
Identification of the etiology of hemolytic anemia in a hydropic fetus or neonate as being due to an intrinsic defect of the erythrocyte may be difficult, requiring a number of specialized diagnostic tests (1) . The most common type of intrinsic erythrocyte disorder associated with hydrops fetalis, homozygous ␣Њ-thalassemia, is also the easiest to diagnose by hemoglobin electrophoresis or specific DNA diagnostic testing. When an inherited deficiency of an erythrocyte enzyme is suspected, specific enzyme level determinations, performed only in specialized laboratories, are indicated. Enzyme deficiencies associated with hydrops fetalis have included that of glucose 6-phosphate dehydrogenase, pyruvate kinase, and glucosephosphate isomerase. This report extends the spectrum of Figure 8 . PCR-based detection of the spectrin Buffalo mutation in family members. Genomic DNA encoding part of intron 29 and exon 30 of the ␤I-spectrin gene was amplified from genomic DNA by PCR, (using primers G ϩ H in Table  III) erythrocyte membrane disorders associated with the hydrops fetalis syndrome. Previously, only two kindreds with erythrocyte membrane disorders associated with hydrops fetalis had been reported (10, 11) . The unifying theme in all three kindreds is that one or both of the parents were initially thought to be hematologically normal, but additional specialized diagnostic testing of parental erythrocytes implicated the membrane skeleton in the pathogenesis of the hydrops fetalis. This observation emphasizes the importance of carefully analyzing the parent's erythrocytes when investigating a case of hydrops fetalis thought to be due to a hematologic cause.
Besides spectrin Buffalo, three other amino acid substitutions have been described in this region of ␤I spectrin in the homozygous state: spectrin Providence (S2019P) (10), spectrin Figure 9 . Dynamic molecular modeling of the structural effects of the spectrin Buffalo mutation. Dynamic molecular modeling suggests that the spectrin Buffalo mutation markedly disrupts the conformation of the self-association domain. Using the coordinates of the 14th repeat of Drosophila ␣ spectrin as a starting point, the sequences of the self-association domain of ␤I spectrin (white, helices A and B) and of ␣I spectrin (blue, helix C) were aligned with the Drosophila sequence by homology, and the resultant structure was then modeled by dynamic and energy minimization techniques. Both lateral (left) and end-on (right) views of the modeled self-association complex are shown. The position of the mutated residue within the putative A helix is shown as a space-filling representation. In this representation, the remainder of ␤ spectrin would lie to the left, while the remainder of ␣ spectrin would lie to the right. (A) Modeled structure of the normal self-association complex. Despite a difference of 73 amino acid residues in the human sequence compared with the Drosophila sequence, the modeled structure closely conforms to the structure of the Drosophila repeat unit as derived from the crystal coordinates. This structure exists even with the presence of two proline residues in the wild-type protein (*), which distort the helices slightly but do not disrupt the native type complex. (B) The modeled structure of the self-association complex of spectrin Buffalo. Note that the presence of the mutated arginine is predicted to disrupt the juxtapositioning of helix A with respect to helix B, with a loss of the normal binding cleft for ␣ spectrin. Without this stabilization of binding, the distorting effect of the prolines is also more apparent.
Cagliari (A2018G) (8) , and spectrin Kayes (A2053P) (9). All three mutants exhibit similar findings. Heterozygous individuals are clinically asymptomatic with peripheral blood smears that exhibit very mild to moderate elliptocytosis; their erythrocytes have normal spectrin content and a mild to moderate defect in spectrin self-association. Homozygous individuals who survive the neonatal period exhibit severe hemolysis and anemia necessitating frequent blood transfusions until splenectomy is performed in early childhood. Erythrocytes from homozygous individuals exhibit a severe defect in spectrin selfassociation. Compared with these three kindreds, the spectrin Buffalo kindred is unique in several aspects. First, homozygosity for the spectrin Buffalo mutation was fatal in one individual, while the other remains transfusion-dependent with a severe, ongoing hemolytic anemia. Second, this kindred provides important information on the role of ␤ISp in muscle by giving us the opportunity to examine the effect of homozygosity for a ␤ISp mutation on muscle in a living homozygote (by physical examination), as well as in the deceased homozygote (by pathologic and immunohistochemical analyses). Finally, the three previously reported mutations were all missense mutations known to disrupt ␣-helices, proline or glycine, whereas the spectrin Buffalo mutation is a charge shift mutation in a highly conserved residue.
Determination of the crystal structure of a typical spectrin repeat (16) , in conjunction with dynamic molecular modeling, has enabled us to analyze the effects of the spectrin Buffalo mutation on spectrin structure. The positively charged, hydrophilic arginine replaces an uncharged, hydrophobic leucine at a location in the interior of the triple helix where hydrophobic interactions occur, i.e., ridge-to-ridge packing, between helix 1 (helix A) and helix 2 (helix B) of the ␤I-spectrin chain. As a result of this amino acid replacement, there is profound alteration of the conformation of the ␣I-spectrin binding site. Thus, this amino acid replacement disrupts the intrachain interactions important in maintaining the conformation of the region of ␤I spectrin that is critical for spectrin self-association. This change also disrupts the interchain interactions between ␣I and ␤I spectrin that are important in the formation of the terminal hybrid (␣ and ␤) triple helical repeat that constitutes the spectrin self-association site. As a result, in the homozygous state, this mutation appears to produce erythrocytes with severely unstable membranes.
Patients with inherited hemolytic anemias associated with myopathic or neurologic system symptoms have been described (4, (51) (52) (53) . However, precise molecular defects have not been identified in these patients. Of the three reported kindreds of individuals homozygous for ␤I-spectrin self-association site mutations (8) (9) (10) , only a single study of muscle architecture has been reported (35). In that study, no muscle phenotype was identified in two individuals homozygous for the spectrin Providence mutation. ␤I⌺2 spectrin exists in muscle in two populations: one associated with ␣II spectrin at the sarcolemma, the other as unpaired homodimers localized to the sarcolemma or in the myoplasm (12, 35, 48) . Thus, theoretically, the spectrin Buffalo mutation should disrupt the self-association of ␣II/␤I⌺2 dimers into tetramers in muscle. The finding of no apparent disruption of muscle architecture either on pathologic examination or on immunohistochemical analysis raises a number of considerations.
It is possible that ␣II/␤I⌺2 tetramers are formed in such a stable manner in muscle that a single point mutation of ␤ spectrin does not lead to a detectable phenotype. However, sedimentation analysis of muscle cells transfected with spectrin Providence suggests that such stable tetramers are, in fact, not formed (35). The role of other spectrin isoforms in muscle and whether or not there is plasticity or redundancy among members of the spectrin family of proteins in muscle are unknown. It is important to note that ␤I-spectrin mutations of the selfassociation site in repeat 17 that disrupt the reading frame Figure 10 . Pathologic and immunohistochemical examination of skeletal muscle from individual II-2. Formalin-fixed paraffin-embedded skeletal muscle sections from a normal, age-matched control (a-c) and from individual II-2 of the spectrin Buffalo kindred (d-f) were studied. a and d were stained with hematoxylin and eosin (bar, 50 m), b and e were stained with an anti-␤I⌺2 antibody, and c and f were stained with a nonspecific rabbit IgG. Differences in color are due to variation in background staining and photographic technique. The morphologic appearance and distribution of ␤I⌺2 from individual II-2 who is homozygous for the spectrin Buffalo mutation is not significantly different from that of normal muscle.
(e.g., insertions, deletion, splicing mutations) of both the erythroid (␤I⌺1) and the nonerythroid (␤I⌺2) transcript have not been identified yet in the homozygous state. It has been hypothesized that homozygosity for this type of mutation would be lethal, as they would delete the COOH-terminal regions of both the ␤I⌺1 and ␤I⌺2 isoforms of spectrin.
Alternatively, perhaps spectrin self-association does not play the critical role in muscle that it does in the erythrocyte. In muscle, dystrophin and members of the dystrophin-glycoprotein complex provide structural support for the sarcolemma during the stress of muscle contraction and relaxation. The ␤I⌺2 isoform has been colocalized with dystrophin at the sarcolemma (48) , but its precise role is undefined. ␤I⌺2 spectrin could be redundant in the muscle cell or perhaps plays another, as yet undiscovered, function in muscle. The description of ␤-spectrin isoform homodimers in muscle that do not apparently use the self-association site (49) provides further evidence that in some nonerythroid cells ␤ spectrin may be organized differently than in RBCs and may have other functions unrelated to self-association. If ␤I⌺2 spectrin does play a critical role in skeletal muscle, the homozygous, transfusion-dependent, living child II-4, like many individuals with abnormalities of dystrophin, may develop myopathic symptoms later in life.
